Light and Temperature Control the Contribution of Specific DN1 Neurons to Drosophila Circadian Behavior  by Zhang, Yong et al.
Light and Temperature ContCurrent Biology 20, 600–605, April 13, 2010 ª2010 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2010.02.044Report
rol the
Contribution of Specific DN1 Neurons
to Drosophila Circadian BehaviorYong Zhang,1 Yixiao Liu,2 Diana Bilodeau-Wentworth,1
Paul E. Hardin,2 and Patrick Emery1,*
1Department of Neurobiology, University of Massachusetts
Medical School, 364 Plantation Street, Worcester, MA 01605,
USA
2Department of Biology and Center for Biological Clocks
Research, Texas A&M University, College Station, TX 77845,
USA
Summary
The brain of Drosophila melanogaster containsw150 circa-
dian neurons [1] functionally divided into morning and
evening cells that control peaks in daily behavioral activity
at dawn and dusk, respectively [2, 3]. The PIGMENT
DISPERSING-FACTOR (PDF)-positive small ventral lateral
neurons (sLNvs) promote morning behavior, whereas the
PDF-negative sLNv and the dorsal lateral neurons (LNds)
generate evening activity. Much less is known about the
w120 dorsal neurons (DN1, 2, and 3). Using a Clk-GAL4
driver that specifically targets a subset of DN1s, we gener-
ated mosaic per0 flies with clock function restored only in
these neurons. We found that the Clk4.1M-GAL4-positive
DN1s promote only morning activity under standard (high
light intensity) light/dark cycles. Surprisingly, however,
these circadian neurons generate a robust evening peak of
activity under a temperature cycle in constant darkness.
Using different light intensities and ambient temperatures,
we resolved this apparent paradox. The DN1 behavioral
output is under both photic and thermal regulation. High
light intensity suppresses DN1-generated evening activity.
Low temperature inhibits morning behavior, but it promotes
evening activity under high light intensity. Thus, the
Clk4.1M-GAL4-positive DN1s, or the neurons they target,
integrate light and temperature inputs to control locomotor
rhythms. Our study therefore reveals a novel mechanism
contributing to the plasticity of circadian behavior.
Results
A GAL4 Driver Specifically Expressed in a Subset of DN1
Neurons
Several studies point to a role of the dorsal neurons (DNs) in
the control of circadian behavioral rhythms. These neurons
have been proposed to drive circadian rhythms under con-
stant illumination and might participate in evening anticipatory
behavior under a light/dark (LD) cycle [3–6]. However, deter-
mining their exact function has been difficult because no tools
to specifically manipulate DNs were available.
CLOCK (CLK) plays a central role in the transcriptional
feedback loop that generates circadian rhythms [7] and is
expressed in all circadian neurons [8]. We therefore cloned
fragments of the Clk promoter in front of the GAL4 cDNA to
identify regulatory elements that drive restricted expression*Correspondence: patrick.emery@umassmed.eduin the fly brain. This approach proved to be successful. We
counted 8–10 GFP-positive cells per brain hemisphere in flies
carrying a GAL4 transgene controlled by the 22.0 to 20.5 kb
fragment of the Clk promoter (Clk4.1M-GAL4) and a UAS-gfp
reporter transgene (Figure 1A). Four to five cells expressed
high GFP levels, whereas staining was weaker in four to five
additional cells. These GFP-positive cells were localized in
the dorsal region of the brain, where the DN1 neurons are
located. Weak GFP staining could also be detected in projec-
tions directed toward the dorsal protocerebrum, which is
believed to play an important role in the control of locomotor
activity [9, 10]. This pattern of projection is reminiscent of that
of most DN1s [11, 12]. To better visualize the projections of
the Clk4.1M-GAL4-positive neurons, we crossed flies carrying
this GAL4 driver with UAS-cd8gfp transgenic flies. Staining in
the dorsal projections was very intense. Interestingly, we could
now also visualize projections that were directed ventrally
(see Figure S1A available online). This is consistent with reports
demonstrating that a subset of DN1s sends projections
ventrally toward the accessory medulla [12, 13]. We found
these ventral projections to be in close proximity to the dorsal
projections of the PIGMENT DISPERSING-FACTOR (PDF)-
positive sLNvs (Figure S1A).
To verify that the GFP-positive neurons were indeed
DN1s, we coimmunostained brains with anti-GFP and either
anti-PERIOD (PER) or anti-CRYPTOCHROME (CRY) anti-
bodies (Figures 1B–1G). PER is an essential element of the
molecular circadian pacemaker and is expressed in all circa-
dian neurons [7]. CRY isDrosophila’s primary circadian photo-
receptor [14–16] and is expressed in many—but not all—clock
neurons [12, 17]. We observed that all GFP-positive neurons
were PER positive and indeed corresponded to DN1s. Most
GFP-positive neurons were also CRY positive. Several DN1s
were GFP negative, and these likely include the anterior
DN1s (DN1as), a pair of large, strongly CRY-positive, circadian
neurons located in a more anterior position than the other
DN1s (the posterior DN1s or DN1ps) [12, 13]. In summary,
Clk4.1M-GAL4 is expressed exclusively in a subset of DN1s.
We therefore used this driver to generate mosaic flies that
express PER only in these DN1 cells to probe their function
in the control of circadian behavior.
PER Rhythms Can Be Rescued in a Subset of DN1s
with Clk4.1M-GAL4
PER abundance and subcellular localization changes over the
course of the day/night cycle. Its concentration reaches a peak
after the middle of the night, when it becomes mostly nuclear
[18–20]. We first determined whether we could restore PER
molecular rhythms in the Clk4.1M-GAL4-positive DN1s. We
entrained per0;Clk4.1M-GAL4;UAS-per flies to a 12/12 hr LD
cycle or to a 12/12 hr 29C thermophase/20C cryophase
(TC) cycle under constant darkness (DD). Under LD, PER stain-
ing showed low amplitude cycling in intensity (Figures 1H
and 1I): the number of PER-positive neurons was actually con-
stant (w4 cells per brain hemisphere; Figure S1C), although
signal quantification revealed that PER abundance peaked at
ZT1 (ZT0 corresponds to the lights-on or temperature-up tran-
sitions) (Figure S1D). However, we detected a clear change in
Figure 1. The Clk4.1M-GAL4 Driver Can Rescue PER Rhythms in a Subset of DN1 Neurons in per0 Flies under Light/Dark and Thermophase/Cryophase
Cycles
(A) Brain of a UAS-gfp/+;Clk4.1M-GAL4/+ adult fly stained with anti-GFP (green). The Clk4.1M-GAL4 driver is specifically expressed in 8–10 neurons per
hemisphere in the dorsal region of the adult brain.
(B–D) Brain of a UAS-cd8gfp/+;Clk4.1M-GAL4/+ adult fly entrained to a 500 lux light/dark (LD) cycle, dissected at ZT1 (ZT0 corresponds to the lights-on or
temperature-up transitions; ZT12 corresponds to the lights-off or temperature-down transitions) and coimmunolabeled with anti-GFP (green) and anti-PER
(red). GFP staining was found exclusively in the DN1 group of circadian neurons. However, only a fraction of DN1s are GFP positive (w50%–60%).
(E–G) Brain of aUAS-gfp/+;Clk4.1M-GAL4/+ adult fly dissected after 3 days of constant darkness and coimmunolabeled with anti-GFP (green) and anti-CRY
(red). Most of the GFP-positive DN1s are CRY positive, although we observed between one and three GFP-positive neurons per brain hemisphere without
detectable CRY expression (arrow). We also noted that several DN1s with high CRY expression were GFP negative, including what appear to be the DN1as,
based on their more anterior location (arrowheads in F).
(H–K) Brains from per0 w;;Clk4.1M-GAL4/UAS-per16 adult flies were synchronized by LD cycle (500 lux) or thermophase/cryophase (TC) cycle (29C–20C)
in constant darkness and dissected at ZT9 and ZT21. Brains were then immunolabeled with anti-PER (green).
(H and I) Under LD cycle, PER is detected inw4 or 5 DN1s per brain hemisphere at both ZT9 and ZT21 (see also Figure S1C). At ZT9, however, PER is mostly
cytoplasmic, whereas at ZT21 it is mostly nuclear.
(J and K) PER oscillations under TC cycles in constant darkness. PER abundance was much lower at ZT9 than at ZT21. The number of PER-positive DN1s per
brain hemisphere varied from zero to three at ZT9 to four to six at ZT21 (see also Figure S1C).
All images are Z stacks. Scale bars indicate 20 mm. See Figure S1 for quantifications and additional characterization of the Clk4.1M-GAL4-positive DN1s.
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nuclear at ZT21 (Figures 1H and 1I). Under a temperature cycle,
we observed a more pronounced cycle in PER staining inten-
sity. Whereas w5 cells per brain hemisphere were strongly
PER positive at ZT21, with PER mostly localized in the nucleus,
an average of 2 cells per brain hemisphere were positive at
ZT9, with weak cytoplasmic staining (Figures 1J and 1K;
Figure S1C). These observations could indicate that two sepa-
rate subsets of Clk4.1M-GAL4-positive DN1s respond specif-
ically to TC or to LD cycles. This is not the case: the number
of PER-positive cells was similar at ZT1 (peak of PER expres-
sion) under LD or TC, or when LD and TC were combined
(Figure S1E). Thus, the rescued DN1s appear to be more effi-
ciently entrained by temperature input, even though most of
them express CRY (Figure S1B). Interestingly, a subset of
DN1s has been previously shown to be particularly sensitive
to TC cycles [21].
The DN1s Drive Morning Activity under
High-Light-Intensity LD Cycles
The DN1s are believed to be evening (E) cells [3–5]. To deter-
mine whether this is indeed the case, we measured the
locomotor activity of DN1-rescued per0 flies under an LD cycle
with a light intensity of 500 lux during the day (Figure 2A).Unexpectedly, we observed a robust anticipation of the
lights-on transition (morning peak), but evening anticipation
was extremely weak and difficult to distinguish from an
increase in locomotor activity also observed in control per0
flies at the end of the day (Figure 2A; Figure S2A).
To verify that the morning anticipation is really controlled
by the circadian clock in the DN1s, we coexpressed in these
cells PER and DBTS, a mutant form of the DOUBLETIME (DBT)
kinase, which controls the period of the circadian molecular
oscillator [22, 23]. Expressing DBTS in circadian neurons
speeds up the circadian clock byw5 hr in constant conditions
[24] and should thus advance morning anticipation. This is
exactly what we observed: the morning anticipation generated
by the DN1s was advanced by w3 hr and is thus circadian.
Taken together, these results demonstrate that the DN1s play
an important role in circadian morning anticipatory behavior.
The DN1s Drive Evening Activity under TC Cycles
When we tested circadian behavior under a 29C/20C TC
cycle in DD, we were surprised to observe a clear rescue of
the evening activity (Figure 2B). per0 flies show a tempera-
ture-driven midday peak of activity that is due to the improper
activity of PDF-negative circadian neurons [25, 26]. In DN1-
rescued flies, activity was shifted to the later part of the day.
Figure 2. The Clk4.1M-GAL4-Positive DN1s Promote
Morning Activity under LD Cycles and Evening Activity under
TC Cycles
(A) Locomotor activity of adult male flies (n = 16) was
measured during 3 days of LD cycle (500 lux, 25C) and aver-
aged. White bars represent activity levels during the light
phase and black bars represent activity levels during the
dark phase of the LD cycle. Dots above bars correspond to
standard errors of the mean.
(B) Locomotor activity of adult male flies was measured
during 3 days under a thermal cycle (29C/20C, 12/12 hr)
in constant darkness (DD) and averaged. Tan shading indi-
cates the thermophase of the TC cycle. Arrows indicate the
morning (black) and evening (white) anticipation. Dots above
bars correspond to standard errors of the mean.
Genotypes are w1118 (upper left panels), per01;;ry506 (upper
right panels), per01 w;;Clk4.1M-GAL4/UAS-per16 (lower left
panels), and per01 w;UAS-dbts;Clk4.1M-GAL4/UAS-per16
(lower right panels). See Figure S2 for quantification of
evening behavior.
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pressing DBTS in the DN1s. This demonstrates that the
rescued evening peak is indeed clock driven. Although midday
activity in DN1-rescued per0 flies was still somewhat elevated
compared to wild-type flies, the midday activity peak seen in
per0 flies was absent. Thus, the absence of a functional circa-
dian pacemaker in Clk4.1M-GAL4-positive DN1s is largely
responsible for the abnormal midday peak of activity observed
in per0 flies under TC cycles [25, 26].
Light Intensity Modulates DN1 Output
The presence of a robust evening peak under TC cycles, but
not under LD cycles, could result from the DN1s’ apparent
greater sensitivity to TC cycles. However, this would not
explain why a robust morning peak is observed under LD
conditions. Interestingly, when flies expressing PER in
Clk4.1M-GAL4-positive DN1s were tested during TC cycles
in constant light (LL), no rescue of evening activity was seen
(data not shown). Moreover, although a very weak circadian
evening peak might be present under 500 lux LD cycles
(Figure 2; Figure 3), because it appears to be sensitive to
DBTS, it was undetectable at 2000 lux (Figure S2B). We there-
fore wondered whether light might actually repress evening
activity. We exposed DN1-rescued flies to LD cycles with
low light intensity (50 lux) during the day. The result was very
clear: at low light intensity, a robust circadian evening peak
was observed (Figure 3B; Figure S2A) that was shifted earlierby DBTS (Figure S2C). Because PER cycling was
not affected by the decrease in light intensity
(Figure S1D), it is the output from the DN1s that
is modulated by photic input. Interestingly, the
evening peak in wild-type flies does not strongly
respond to light intensity (Figure 3). Moreover,
when we rescued PER expression with mai179-
GAL4, which targets three LNds and all sLNvs
[2], evening activity was not reduced (Figure S2E).
Combined, these results show that the contri-
bution of the DN1s to circadian behavior is partic-
ularly sensitive to light intensities. The photic
inhibition of DN1-driven locomotor behavior also
indicates that the Clk4.1M-GAL4-positive DN1s
are distinct from the subset of DN1s that can drive
rhythms under constant illumination when CRYsignaling is compromised [4]. As expected, per0;cryb flies
[27] with PER expression rescued only in Clk4.1M-GAL4-posi-
tive DN1s were arrhythmic in LL (data not shown). In DD, DN1-
rescued per0 flies were also arrhythmic (data not shown), even
during the first day of DD. However, these flies showed
constantly elevated activity in DD, which could have masked
residual DN1-driven behavior (data not shown).
The Morning and Evening Peaks Generated by the DN1s
Are Differentially Sensitive to Ambient Temperature
Late in the day, light intensity and temperature drop. Because
evening activity generated by the DN1s is only observed when
light intensity is low, we wondered whether low temperature
might also promote evening activity. Thus, we compared LD
behavior of DN1-rescued flies at 25C and 20C. Even though
light intensity was kept at 500 lux, we observed a clear evening
peak (Figure 3C; Figure S2A), which was sensitive to DBTS (Fig-
ure S2D). Similar results were obtained at 2000 lux (Figure S2B).
Thus, both high light intensity and high temperature repress
DN1-generated evening behavior. The evening peak observed
when rescuing the LNds and the sLNvs of per
0 flies with
mai179-GAL4 was, like that of wild-type flies, insensitive to
temperature (Figure S2E). The thermal regulation of evening
activity is thus specific to the DN1s. Surprisingly, the DN1-
generated morning peak behaved differently than the evening
peak. The morning peak was severely suppressed at lower
temperature in DN1-rescued flies and also in wild-type flies.
Figure 3. High Light Intensity Suppresses DN1-Generated Evening Locomotor Activity, and Temperature Modulates DN1-Generated Morning and Evening
Behavior
Locomotor activity of adult male flies was measured during 3 days of LD cycle under different light intensities and temperatures and averaged. Arrows indi-
cate the morning (black) and evening (white) anticipation. Dots above bars correspond to standard errors of the mean. Genotypes are w1118 (upper panels),
per01;;ry506 (middle panels), and per01 w;;Clk4.1M-GAL4/UAS-per16 (lower panels). See Figure S2 for additional controls and quantifications.
(A) 500 lux, 25C.
(B) 50 lux, 25C.
(C) 500 lux, 20C.
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We have demonstrated that a group of cells belonging to the
DN1 subset of circadian neurons plays an important role in
the regulation of circadian behavior. Our results show that
these DN1s can contribute to both morning and evening bouts
of locomotor activity. Because the so-called E oscillators
(three LNds and the fifth sLNv) can also generate morning
activity under light/moonlight cycles [28], the functional
distinction of circadian neurons into morning (M) and evening
(E) oscillators is probably an oversimplification. However,
because the LNds and DN1s are a heterogeneous group of
cells [12, 13, 29], we cannot exclude that some of these cells
are dedicated to morning anticipation while others control
evening activity (see [28]). Importantly, the contribution of
the Clk4.1M-GAL4-positive DN1s to circadian behavior is
tightly regulated by the physical properties of the environment:
light intensity and temperature modulate the DN1 output
pathway (Figure 4). In most climates and latitudes, there is
considerable variability in the physical properties of the day/
night cycle. Photoperiod and overall temperature change
with seasons, and daily weather patterns influence the temper-
ature cycle and light intensities. Thermal and photic modula-
tion of DN1 output thus provides a simple mechanism for daily
adaptation of Drosophila circadian behavior.
Interestingly, the evening peak of activity generated by
the DN1s coherently responds positively to both low lightintensities and reduced temperature—conditions found early
and late in the day. Importantly, other evening activity-gener-
ating neurons seem to be unaffected by light and temperature,
because the amplitude of the evening peak in wild-type flies
and in mai179-GAL4-rescued flies only weakly responds to
light intensities or temperature. This might be because the
DN1s regulate a very specific type of behavior that requires
locomotor activity. For example, exploratory behavior (for
mates or for new sources of food) might need to be confined
to the later part of the day, particularly in the summer, to avoid
risks of desiccation and predation. Feeding behavior—which
is controlled by the circadian clock [30]—would usually occur
at the surface or inside fruits and thus might not need to be
as tightly regulated because the flies are in a relatively pro-
tected environment. Remarkably, the DN1-generated morning
peak of activity responds completely differently to tempera-
ture than the evening peak. The morning peak is promoted
under warmer temperature and repressed when it is cooler.
This suggests that flies might want to be active early during
a warm morning, before the day becomes too hot for them to
be safely foraging, for example.
Recent results demonstrate that the E oscillator is synchro-
nized with the LD cycle both by the intracellular circadian
photoreceptor CRY and by PDF signaling from the LNvs [31,
32]. The Clk4.1M-GAL4-positive DN1s are also probably
synchronized by these two pathways, because most of them
express CRY (Figures 1E–1G; Figure S1B) and are responsive
Figure 4. Model for the Role of the DN1s in the Control of Circadian Behavior
and Their Modulation
The Clk4.1M-GAL4-positive DN1s (red dots) have the potential to promote
both morning and evening activity. However, their contribution to circadian
behavior is under tight environmental control. At high light intensity and high
temperature, the DN1s or the neurons they target are unable to generate an
evening peak. On the contrary, the morning peak is inhibited at low temper-
ature. For simplicity, we represent in this model the effects of environmental
input as direct repression on the DN1 output.
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issue of Current Biology [33]; see also [34, 35]). It has been
proposed that PDF-negative circadian neurons can drive
sLNv output, because morning anticipation can be observed
in the absence of a functional pacemaker in the PDF-positive
sLNvs [3] even though these cells are necessary and sufficient
for morning anticipation [2, 3, 36, 37]. Interestingly, we rescued
morning anticipation in per0 flies when PER expression was
limited to the Clk4.1M-GAL4-positive DN1s. Moreover, the
ventral projections of these circadian neurons were closely
associated with the dorsal projections of the sLNvs
(Figure S1A). Our results therefore suggest that the Clk4.1M-
GAL4-positive DN1s are able to feed back on the sLNvs and
modulate their output.
Supplemental Information
Supplemental Information includes two figures and Supplemental Experi-
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